A coupled carbon-ecosystem model is compared to recent data from Ocean Weather Station M (66 • N, 02 • E) and used as a tool to investigate nutrient and carbon processes within the Norwegian Sea. Nitrate is consumed by phytoplankton in the surface layers over the summer; however the data show that silicate does not become rapidly limiting for diatoms, in contrast to the model prediction and in contrast to data from other temperate locations. The model estimates atmosphere-ocean CO 2 flux to be 37 g C m −2 yr −1 . The seasonal cycle of the carbonate system at OWS M resembles the cycles suggested by data from other high-latitude ocean locations. The seasonal cycles of calcite saturation state and [CO 2− 3 ] are similar in the model and in data at OWS M: values range from ∼3 and ∼120 µmol kg −1 respectively in winter, to ∼4 and ∼170 µmol kg −1 respectively in summer. The model and data provide further evidence (supporting previous modelling work) that the summer is a time of high saturation state within the annual cycle at high-latitude locations. This is also the time of year that coccolithophore blooms occur at high latitudes.
Introduction
The Norwegian Sea (Fig. 1) is an important high latitude region for processes including uptake and sequestration of CO 2 , primary production and large-scale ocean mixing. As with many other high latitude locations the mixed layer depth undergoes large seasonal fluctuations forcing seasonal dynamics of biology and chemistry in the upper ocean (Nilsen and Falck, 2006) . High concentrations of nutrients in winter (nitrate >12 µmol L −1 , phosphate >0.9 µmol L −1 and silicate >5.5 µmol L −1 , Dale et al., 1999) 
are reduced to low
Correspondence to: H. S. Findlay (hefi@pml.ac.uk) levels in the surface layer by consumption during spring and summer. Interannual variations in observations give a range of nitrate summer concentrations between near 0 µmol L −1 and 2 µmol L −1 (Kohly, 1998; Haupt et al., 1999 , Dale et al., 1999 . The lack of full depletion of nitrate in summer at both OWS M and at (60 • N, 20 • W) in the North Atlantic, compared to other temperate sites (e.g. NABE, 47 • N, 20 • W), has been the subject of much speculation and two main hypotheses have been put forward to explain this phenomenon: 1) diatoms are present in low numbers and are limited by rapid consumption of silicate and hence do not bloom to the same magnitude as other areas (Dale et al., 1999) ; 2) large populations of micro-zooplankton grazers rapidly consume the other phytoplankton and prevent them from proliferating sufficiently to exhaust nitrate (Taylor et al., 1993; Peinert et al., 1989) .
The eastern Bering Sea is another high-latitude site that has been used to investigate the associated dynamics of plankton and carbonate systems. A detailed understanding of how plankton and the carbonate system interact with each other in the real ocean is of interest for predicting how the ocean will respond to ongoing and future ocean acidification. Merico et al. (2006) 's model study assessed the possible links between success of the coccolithophore Emiliania huxleyi in the natural environment and the ambient values of carbonate ion concentration ([CO 2− 3 ]) following an earlier investigation addressing which environmental conditions may have contributed to the large E. huxleyi blooms in the eastern Bering Sea from 1996 to 2000 . Although the model calculated only minor interannual changes in calcite saturation state ( cal ), which were not thought to have caused the interannual differences in patterns of E. huxleyi, there did appear to be a possible link between seasonal variations in cal and E. huxleyi success (Fig. 5 in Merico et al., 2006) . They predicted a sharp rise in [CO 2− 3 ] and cal as a result of the spring blooms, leading to higher values in summer than in winter. Although ], cal , pCO 2 , etc. can be calculated from total dissolved inorganic carbon (C T ) and total alkalinity (A T ), very little data were available from the eastern Bering Sea to validate and test these hypotheses. The presence of a time series site in the Norwegian Sea (Ocean Weather Station M (OWS M) at 66 • N, 02 • E, Fig. 1 ) makes it ideal for further investigating the interactions between phytoplankton and the cycling of carbon and nutrients, which we carry out here using both data and modelling.
Seasonal fluctuations in C T result from a combination of removal by photosynthesis and addition from respiration, mixing and ingassing from the atmosphere (Skjelvan et al., 2005) . The process of biological precipitation of calcium carbonate (CaCO 3 ) by calcifying organisms such as coccolithophores additionally impacts on the C T dynamics (Najjar, 1992) , although the biogeochemical impacts of coccolithophores are not considered in any detail in this paper. Coccolithophores are present in the Norwegian Sea in low numbers during winter and spring with densities increasing in early summer (June) after the diatom bloom (Andruleit, 1997) ; with peaks up to 3×10 6 coccospheres L −1 (Baumann et al., 2000) . The seasonal succession of phytoplankton could play an important role in determining the cycling of carbon and nutrients. Open arrows indicate the material flowing between the mixed layer and bottom layer. The arrow from E.huxleyi (P eh ) to attached coccoliths (L a ) is dashed indicating that attached coccoliths are produced proportionately to the E.huxleyi concentration rather than with a real flow of material between these two compartments. Note that mesozooplankton (Z me ) also grazes on microzooplankton (Z mi ). See text for more details. (Adapted from Merico et al., 2006) . This study aims to use an adaptation of Merico et al. (2006) 's model as a tool to investigate nutrient and carbonate system dynamics in the Norwegian Sea. Specifically, we address the controls on nitrate and silicate consumption rates over the summer and the seasonal patterns of the carbonate parameters. It is now widely accepted that biology strongly drives sea-surface C T and pCO 2 at high latitudes, following landmark studies more than a decade ago (e.g. Takahashi et al., 1993; Garcon et al., 1992) . Here we seek to demonstrate that biology also strongly drives the seasonal cycles of [CO 2− 3 ] and cal , and that they are driven to high values in summer. We do not possess concurrent coccolithophore counts from OWS M. Nevertheless, we assess the hypothesis that coccolithophore success occurs at times of high cal by comparing what is known more generally about the timing of coccolithophore blooms at high-latitudes against our result of high summer cal . Merico et al. (2006) 's two-layer, time-dependent, coupled biological-physical-carbon model is adapted here to Merico et al., 2004; Evans and Parslow, 1985; c Fasham et al., 1990; d Taylor et al., 1993 Coccoliths as of Merico et al. (2004) Carbonate system (C T , A T ) represent the Norwegian Sea, with specific reference to the location of OWS M. The main adaptations made relate to the physical conditions (i.e. the forcing conditions) and the parameterisation of the ecosystem values. They are described in more detail below and in Table 1 . The model is formulated as a bi-layer ocean system consisting of an upper, biologically active mixed layer (down to a seasonal thermocline), which contains phytoplankton, zooplankton and a limited amount of nutrients and chemical constituents; and a lower layer, containing no biology, but a source of nutrients and chemical constituents. The model also incorporates an atmospheric layer, with which air-sea fluxes of carbon dioxide can take place depending on the CO 2 partial pressure differences between the atmosphere and the surface water (Fig. 2) .
Methods

Model description
The system of ordinary differential equations is solved numerically using a Fourth-order Runge-Kutta method with a time step of one hour and was run over a period of four years to allow the state variables to reach repeatable seasonal cycles and thus minimise the dependency of the results on the initial conditions. For the state variable equations are readers are referred to Appendix A in Merico et al. (2006) .
The physical system
The two-layer water column model used here is influenced simply by vertical advection and does not include any horizontal advection. This approximation, as this study will demonstrate, is suitable for assessing average annual dynamics as the location of OWS M encompasses the North Atlantic inflow, which is not thought to vary greatly through the seasons (Oliver and Heywood, 2003; Orvik and Skagseth, 2003) . However it may not be appropriate for smaller scale interpretations of individual events within a year period because of incursions of coastal water.
The biological activity was considered to take place in the upper mixed layer, while in the bottom layer, nutrient concentrations (nitrate (N 0 ), silicate (Si 0 ) and ammonium (A 0 )) and carbon state variables (C T0 and A T0 ) were kept constant throughout the year. Nutrients were supplied to the upper layer by entrainment or diffusive mixing across the interface using the same method of Fasham (1993) .
The model was forced with a variable mixed layer depth, originally based on monthly Levitus climatologies (WOA98) at the location of OWS M, but linearly interpolated over time for each annual cycle using density data at OWS M for the period [2002] [2003] [2004] [2005] [2006] . Annual sea surface PAR was calculated using astronomical formulae (taking into account latitude, daily sinusoidal variation in radiation and a fixed cloud cover parameter). This does not capture the short-term changes in cloud cover and mixing events that occur in natural systems and therefore represents approximate values for each annual cycle. The light limited growth for each phytoplankton group was determined using a Steele's function, which includes the potential for saturation and inhibition of phytoplankton growth at high light levels. Initial investigations revealed that flagellate populations reached unrealistically high abundances when a simple Michaelis-Menten function for light limited growth was used. The effect of sea surface temperature (SST) on phytoplankton growth was simulated using Eppley's formulation (Eppley, 1972) and both sea surface salinity (SSS) and SST were used within the carbon system (Sect. 2.1.3). Values were taken from OWS M averaged monthly data and linearly interpolated for each annual cycle. Wind speed data were taken from averaged daily recordings at OWS M. The physical forcing data used for this period is given in Fig. 3 .
The ecosystem
Phytoplankton were split into four groups: diatoms, dinoflagellates, flagellates and coccolithophores (Emiliania huxleyi). They were originally grouped in this way because they represented the most common species found in the Bering Sea (Merico et al., 2006 ). This appears to also be the case for the Norwegian Sea.
Zooplankton were split into two groups, these are microzooplankton and mesozooplankton. This distinction is important when considering more than one phytoplankton group because diatoms, dinoflagellates and microzooplankton are the food sources for mesozooplankton; whereas flagellates and E. huxleyi are the food sources for microzooplankton. Furthermore, although mesozooplankton, particularly copepods, have been well studied in the Nordic Seas (Dale et al., 2001; Halvorsen et al., 2003) and it is widely acknowledged that they have an important role in transferring energy to higher levels of the food web, they may be of secondary importance in terms of grazing of phytoplankton, and hence carbon flux, when compared to microzooplankton. There is a lack of microzooplankton grazing studies in the Norwegian Sea, yet reports from other areas suggest that microzooplankton impact significantly on phytoplankton populations (e.g. Burkhill et al., 1993; Calbet and Landry, 2004) and are the major loss term. The total phytoplankton is converted from nitrogen units into chlorophyll units through the C:N ratio multiplied by the Chl:C ratio which is calculated by adaptation to light, temperature and nutrient growth rate (Cloern et al., 1995) The Bering Sea model included a switching parameter for grazing rate on E. huxleyi and diatoms determined by the silicate concentration. When silicate was low diatoms are assumed to be unable to produce highly silicified tests and become more vulnerable to grazers, therefore microzooplankton switch feeding from E. huxleyi to diatoms when silicate is less than 3 µmol L −1 . There is little evidence from data to back up this intuitive assumption of switching in the Norwegian Sea; however, mesocosm experiments have shown that diatom dominance ceases when silicate concentration fall below 2-3 µmol L −1 (Egge and Aksnes, 1992) . There is a relatively low silicate concentration year-round within the Norwegian Sea so it may be that there is little variation in grazer selection. However this assumption was left in the model and tests are carried out of the sensitivity of the E. huxleyi and diatom populations to this grazing assumption.
Silicate and nitrate are the two main nutrients modelled here. Phosphate was not included because preliminary data analysis of OWS M data suggested that phosphate levels were not limiting.
The primary objectives of this study are to investigate the nutrient and carbon cycling within the Norwegian Sea, rather than to accurately model the phytoplankton and zooplankton processes. However, some biological detail is necessary in order to represent biological impacts on nutrient and carbon cycles, and thus the ecosystem is constrained to approximately fit the data, while at the same time acknowledging considerable uncertainty over how to correctly represent competition between different phytoplankton functional groups (Anderson, 2005) .
The carbonate system
The carbonate system is forced by deep total alkalinity (A T0 ), deep total dissolved inorganic carbon (C T0 ) and atmospheric pCO 2 (pCO
was calculated as a interpolated trend taken from the annual cycle of atmospheric CO 2 and then adjusted to a mean annual value of 377 ppm (averaged from OWS M observations for the time period 2002-2006; Tans and Conway, CDIAC), because omitting this seasonal fluctuation leads to an overestimation of the flux of CO 2 into the ocean during the summer period .
C T is removed from the upper layer of the water column by the consumption of inorganic carbon by phytoplankton but is added by respiration of organic material. C T is also influenced by air-sea CO 2 exchange with the atmosphere and by CaCO 3 formation and dissolution. Seawater pCO 2 was calculated from model variables of A T , SST, salinity and C T along with apparent dissociation constants of carbonic acid, boric acid, the solubility of CO 2 and the hydrogen ion activity by using the iterative method presented by Peng et al. (1987) . Changes in surface A T were simply computed as the balance between calcification, dissolution, diffusive mixing and changes due to nitrate. A T in the model has not been corrected for salinity. Salinity does influence the dissociation constants, and we include a sensitivity test to assess whether there is a large impact of salinity on the carbonate ion concentration as a result of using constant or varying salinity on the dissociation constants.
Data analysis
The data were collected every month from January 2002 to December 2006 from the Norwegian Sea at Ocean Weather Station M, located at 66 • N, 02 • E on the continental slope (Skjelvan, personal communication; Skjelvan et al., 2008; Rey, personal communication, 2007) . Data used here (from measurements made at ≤20 m depth) includes nitrate concentration, silicate concentration, chlorophyll, temperature, salinity, C T and A T (normalised to salinity using 
Results
The standard run
The nutrients
The OWS M data show that nitrate (Fig. 4a) is removed from the surface layer after ∼JD 120 (April) at a rate of about 0.183 mmol m −3 d −1 and becomes limiting (i.e. <1 mmol m −3 ) by ∼JD 180 (July). Nitrate remains at relatively low concentrations until ∼JD 240 when there is a more gradual increase (∼0.12 mmol m −3 d −1 ) as a result of crossthermocline mixing and entrainment from the deep ocean as stratification breaks down. Maximum values are not reached until January. There is some interannual variability in the surface nitrate data during the summer seasons; however it does appear to reach <1 mmol m −3 .
Silicate (Fig. 4b) decreases slowly during the spring and summer (at a rate of ∼0.05 mmol m −3 d −1 ), reaching a minimum by August but almost immediately increasing again, while in another year (2005) it can be seen to decrease more rapidly (∼0.13 mmol m −3 d −1 ) but then fluctuate between 1 mmol m −3 and 2 mmol m −3 over the summer before increasing back to the winter maximum.
The standard run of the model (Fig. 4) demonstrates a similar pattern of nitrate consumption. Concentration decreases relatively rapidly during spring, remaining at relatively low and with no coccolithophores (thick dot blue line) (averaged over the four modelled years). Data points (crosses) represent observed carbon dioxide partial pressure in seawater taken from Gislefoss et al. (1998) . The data points are from 1993 and 1994 and hence they are at lower pCO 2 than the current model is set to. Modelled output has therefore been shifted down by 20 ppm to fit data points demonstrating the pattern and magnitude of the seasonal cycle. concentrations over the summer and then slowly increasing back to the winter maximum value. The standard run is not able to reproduce the slow decline in silicate seen in 2002 and 2003, but is able to reproduce the more typical rapid decline in silicate as a result of diatom consumption seen in many other temperature locations (e.g. Merico et al., 2004; Takahashi et al., 1993) and seen in the Norwegian Sea data in 2005. Figure 5 shows the standard run of the atmospheric and surface water pCO 2 alongside data points from Gislefoss et al. (1998) . The data points are from 1993 and 1994 and hence are at lower pCO 2 than this model is set to. Modelled output has been shifted down by 20 ppm to demonstrate the similarities between the pattern and magnitude of the seasonal cycle. Exact values are of less concern and hence we feel justified in making this comparison. Figure 5 illustrates the atmospheric and surface water pCO 2 when there are no coccolithophores present in the model (blue dots).
The carbonate system
Without any biology in the model, a slight increase in [CO 
Sensitivity analysis
There are some discrepancies between the standard run model output and the data -most notably the silicate removal in spring. Sensitivity analyses were carried out to establish if the model could produce a better fit under different scenarios of forcing, grazing and growth rates. The sensitivity analyses also demonstrate why the standard parameters were chosen. A Monte Carlo parameter sensitivity test was conducted for 200 model runs to investigate the suitability of the chosen parameters to reproduce the nitrate and silicate drawdown rates and the maximum chlorophyll concentration. In addition we created a Taylor diagram (Taylor, 2001 ) to demonstrate the ability of different model versions (full model and model without coccolithophores) to fit the data. The carbonate ion concentration was not sensitive to the forcing of either constant salinity (mean year salinity) or the data-derived salinity on the dissociation constants (results are not shown).
C:N ratio
It has recently been argued that the original Redfield ratio of C:N is not correct for all circumstances (Takahashi et al., 1985; Sambrotto et al., 1993; Anderson and Sarmeinto, 1994; Brostrom, 1998; Kahler and Koeve, 2001; Kortzinger et al., 2001; Falck and Anderson, 2005) . Model sensitivity for C:N ratio demonstrated that a ratio of 1:6.6 (C:N) underestimated the C T consumption over the summer period (Fig. 7) . When the ratio was increased to 1:9 the fit was much closer; and a high ratio (1:12) overestimated the carbon system values. A ratio of 1:9 was therefore considered the most appropriate and was used in the standard run and all further analyses. 
Mixed layer depth
The MLD varies interannually; the timing and rate of shoaling of the mixed layer combined with levels of irradiance determines when the spring bloom occurs and its magnitude. Figure 8 shows three simulations of MLD: a rapidly shoaling and deepening mixed layer (MLD1) and a slowly shoaling and deepening mixed layer (MLD2) and an intermediate mixed layer (SR). MLD1 does not greatly alter the system during the spring bloom because at this time phytoplankton are limited by light; however the more rapid deepening in autumn stimulates an autumn phytoplankton bloom which maintains the nutrients and C T at lower concentrations for a longer period into winter. MLD2 slows the shoaling of the mixed layer and hence the phytoplankton remain below the critical depth for a longer period of time. Alternative MLD variations do not improve the agreement with data and so are not used.
Growth rate of diatoms and flagellates
The OWS M data suggests that consumption of nitrate and silicate does not occur at equal rates as would be expected for a spring bloom dominated by diatoms (Fasham et al., 2001) . In fact silicate is depleted much more slowly. In order to assess why this happens the growth rates for diatoms ( Fig. 9a-c) and flagellates ( Fig. 9d-f) were both increased and decreased by 50% of the standard parameter. When the growth rates are lower the diatoms are inhibited from blooming, the flagellates then bloom later, along with a larger coccolithophore bloom (∼JD 160 compared to ∼JD 140) causing a greater overall increase in chlorophyll than during the SR (∼9.5 mg Chl m −3 compared to ∼5.5 mg Chl m −3 ). Silicate is not reduced until later in the summer when diatoms are finally able to bloom. Nitrate does not reach low concentrations over the summer as a result of the limited population growth. High growth rate allows the populations to bloom earlier in the spring (∼JD 110, ∼7 mg Chl m −3 ), rapidly depleting both nitrate and silicate. The high growth rate causes the phytoplankton and zooplankton to fall into tightly coupled predator-prey cycles. 
Grazing
Microzooplankton and mesozooplankton occur at different times over the annual cycle. Microzooplankton are set to graze more efficiently on coccolithophores when the silicate concentration is >3 mmol m −3 but then switch to grazing on diatoms when the silicate concentration falls below 3 mmol m −3 . Silicate is low in the Norwegian Sea (∼5 mmol m −3 compared to ∼30 mmol m −3 prior to the spring blooms in the Bering Sea) therefore the switching becomes almost irrelevant. Mesozooplankton concentration is low and is food-limited mainly by the dinoflagellate population. With no grazers (i.e. all grazing rates set to zero in the model; Fig. 10 ) the nutrients follow a similar pattern over the annual cycle, except that they are maintained at limiting concentrations over the summer by the uncontrolled phytoplankton. There are, however, differences within the phytoplankton: the diatom bloom is similar in spring but have a second growth period in late summer (between JD 220 and JD 270); flagellates grow uncontrolled and become nitrate limited after JD 150 although their population declines only slowly throughout the summer maintaining nitrate at low levels. Dinoflagellates and coccolithophores are out-competed by the flagellates with no apparent growth over the year. When grazing rates are increased (by 50% of standard run) the initial bloom is delayed marginally but the diatoms are still able to grow and consume all the silicate; nitrate is not fully consumed and remains relatively high over the summer period. 
Monte Carlo parameter optimization
Using random values within a specified range for each parameter (the range was chosen for each parameter based on values from the literature), we produced outputs of 200 model runs and examined whether it was possible for the model to reproduce the silicate consumption rate, nitrate consumption rate and maximum chlorophyll concentration found in the data (averaged over four years, 2002, 2003, 2005 and 2006) . We found that many model runs produced realistic silicate and nitrate consumption rates whereas none produced realistic maximum chlorophyll concentrations. The difficulty that we found for the standard run, in terms of reproducing the relatively slow decline in silicate, is therefore shown by the Monte-Carlo analysis to be of lesser importance, because other combinations of parameters values allow it to be correctly simulated. However, there were no scenarios using suitable parameter values which allowed both the correct consumption of nitrate and silicate at the same time as only producing a small bloom in phytoplankton. Figure 11 demonstrates that all the parameter sets gave maximum chlorophyll concentrations that were much greater than the average data value and the standard run value.
We suggest that there are two possible explanations for this model-data misfit. Firstly, it could be that the periodic sampling just happened to miss the peaks of the ephemeral phytoplankton blooms in all of the four years. Secondly, it could be that the model is insufficient in the sense of not including some key process or state variable that is essential in Fig. 13 . Calculated seasonal cycles of (a) carbonate ion concentration and (b) calcite saturation state for north and south of Iceland (data taken from Table 2 of Takahashi et al., 1985). order to correctly simulate phytoplankton ecosystem dynamics in the Norwegian Sea. Again there could be some other factors, which are not incorporated into the model, that control the blooming of phytoplankton at OWS M and prevent them from achieving a large bloom
Taylor diagram
In order to assess the best model fit to data we have applied the use of a Taylor diagram to illustrate the correlation and the normalised standard deviation. The distance on the plot between the solid black circle (perfect reproduction of the data) and any other symbol is also indicative of the rootmean-square difference between the data and model points (Taylor, 2001) . Two model variants were used: the full model and the model without coccolithophores. Figure 12 illustrates that the full model (blue symbols) over the whole 5 year data set, has relatively good correlation to data with respect to C T and nitrate. Silicate is less well correlated but the standard deviations are very similar. cal and CO 2− 3 are also reasonably correlated but the model results do not possess as large a standard deviation as the data. Alkalinity is less well correlated but shows good resemblance to the variation of the data. When the no coccolithophore model is used (Fig. 12 , green symbols), all variables become less correlated with the data than when using the full model. All the variables except for nitrate, C T and alkalinity have a slightly better representation of the variation in the data; alkalinity, nitrate and C T all have lower standard deviations.
Discussion
The ecosystem and nutrient dynamics
In this section we compare the seasonal patterns of phytoplankton and nutrients at OWS M to those at several other locations, and conclude that some factor (possibly iron limitation) restricts phytoplankton growth at OWS M in some years.
Nitrate
Previous data suggest that in some years Norwegian Sea nitrate concentrations never reach limiting levels, while in other years nitrate is fully depleted but not until later in summer (Kohly, 1998; Dale et al., 1999; Haupt et al., 1999) (Fig. 4) . This behaviour at OWS M (slow and/or incomplete nitrate depletion in some years) is somewhat at odds with the more commonly observed pattern in temperate and sub-polar waters: that nitrate and silicate are rapidly exhausted as a consequence of intense spring phytoplankton blooms, and then remain scarce throughout summer. Such a situation is seen in, for example: (1) the eastern Bering Sea , (2) the Irish Sea (Tyrrell et al, 2005) , (3) the Baltic Sea (Larsson et al, 2001) , and (4) the North Atlantic at ∼(47 • N,20 • W) (Fasham et al., 2001; Takahashi et al., 1993) , and (5) north of Iceland at about ∼(68 • N, 19 • W) . On the other hand, residual summer nitrate has also been observed in the Irminger Basin between Iceland and Greenland (Henson et al., 2003; Takahashi et al., 1993) , east of Iceland at ∼(64 • N,10 • W) (Allen et al., 2005) , and at ∼(60 • N,20 • W) in the North Atlantic (Taylor et al., 1993) .
Silicate
The OWS M silicate data do not agree with the simulations. In the model, diatoms bloom but soon become limited by rapidly depleting silicate, which is already at a fairly low concentration prior to the spring blooms. This results in them only having a relatively short bloom. The pattern in the data is very different (Fig. 8) . Silicate is not rapidly consumed in any of the four years (Fig. 4) , implying that either the diatoms are not rapidly blooming (even though silicate should only become limiting to blooms at <2 mmol m −3 , Egge and Aksnes, 1992) or else that there is an influx of silicate which is able to counterbalance any rapid consumption.
Chlorophyll
The peak springtime chlorophyll concentrations (≤3 mg chla m −3 , Figure 4 ) observed at OWS M between 2002 and 2006 are quite low compared to other locations in shelf seas, e.g. 16 mg chl-a m −3 in the eastern Bering Sea and ∼11 mg chl-a m −3 in the Irish Sea (Tyrrell et al., 2005) . Similar small maximum values have however been observed in other (open-ocean) settings such as the Labrador Sea (2-3 mg chl-a m −3 , Boss et al., 2008) and the North Atlantic at ∼(47 • N, 20 • W) (∼3 mg chl-a m −3 : Fasham et al., 2001) . However, the bloom chlorophyll levels observed in the Norwegian Sea are significantly greater than typical annual maxima in HNLC areas which are usually ≤1 mg chla m −3 (for instance the Subarctic Northeast and Northwest Pacific and the Southwest Bering Sea, Tyrrell et al., 2005; Boyd et al., 1998) . The Monte-Carlo parameter analysis suggests that out of 200 model runs, with parameter values allocated randomly within ranges determined from the literature, it was not possible to create the small chlorophyll maximum seen in the data, yet the model appears to have a good correlation to the data in terms of C T and nitrate annual cycles.
Interpretation
The slow and/or incomplete exhaustion rates of nitrate and, especially, silicate, at OWS M are atypical compared to some other locations. Various hypotheses have been proposed to explain this phenomenon including grazer levels (Taylor et al., 1993 , as an explanation for residual summer nitrate at 60 • N, 20 • W in the North Atlantic) and silicate-limited growth of diatoms (Dale et al., 1999) .
Analyses of longer term datasets for this area agree that there are low chlorophyll levels during the spring bloom and there is slow silicate consumption, although there is more variability over longer time periods (Rey, personal communication, 2007) . They suggest that the preferential grazing of zooplankton on diatoms may explain the relatively slow depletion of silicate. However, the selective grazing function in our model does not prevent the rapid blooming of diatoms in the spring, thus neither reproducing the observed low chlorophyll levels nor a slow silicate drawdown; studies have shown that the dominant zooplankton grazers in the Norwegian Sea, Calanus helgolandicus andCalanus finmarchicus (Gaard, 2000) both have reduced reproductive output during diatom dominated blooms and hence preferentially graze on non-diatom species (Nejstgaard et al., 2001) .
The data from OWS M clearly show that it is not a full High Nutrient Low Chlorophyll (HNLC) area, as, although peak chlorophyll concentrations are low, they are not as low as in true HNLC areas and nutrient concentrations do fluctuate considerably across the seasonal cycle. Previous work suggests that phytoplankton growth in spring in the North Atlantic is influenced by levels of iron (Moore et al., 2006) . This raises the question as to whether spring blooms at OWS M could also be restrained by low levels of iron in some years. OWS M lies on the continental slope and is subject to different conditions to shelf seas, but is also not an open ocean system. One possible explanation of the low chlorophyll levels and slow/incomplete nutrient depletion in some years could be that iron scarcity inhibits large phytoplankton blooms during some years but not others. The interannual variability could thus potentially be explained by the advection of coastal waters across OWS M only in some years (this often occurs around August time, as determined from sea surface salinity measurements). Coastal and shelf waters typically have higher iron content due to iron release from sediments (e.g. Aguilar-Islas et al., 2007) .
Local CO 2 sink strengths
The annual cycle of carbon dioxide partial pressure in the surface waters (pCO 2(SW ) ) has been explored here. At the start of the year pCO 2(SW ) decreases as a result of the colder water temperatures and the continued vertical exchange of carbon that carries on until the summer pycnocline has formed. The spring bloom rapidly consumes CO 2 from the surface water and hence decreases the partial pressure, (by up to 100 µ atm) (Fig. 5) . The removal of pCO 2(SW) occurs throughout the summer until the breakdown of stratification and the end of biological production.
For the first part of the year until the end of the biological production period, the waters act as a sink for carbon dioxide, with an average model CO 2 flux of 37 g C m −2 yr −1 from the atmosphere to the surface water. Falck and Anderson (2005) calculated a flux of CO 2 of 32 g C m −2 yr −1 for OWS M data during 1991 and Skjelvan et al. (2005 suggest 20 g C m −2 yr −1 for the Norwegian Sea. Other estimates for the Nordic Seas area include a flux of 53 g C m −2 yr −1 into the Greenland Sea (Anderson et al., 2000) and 69 g C m −2 yr −1 into the Iceland Sea . The variability in fluxes between locations in the Nordic Seas may result from the varying amounts of primary production, the varying hydrographic conditions and/or the different water masses occurring at each location. . This implies that areas harbouring intense coccolithophore blooms can experience reductions in A T of about 50-60 µ Eq kg −1 . These decreases were not due to either nitrate or salinity effects on alkalinity because differences in the two parameters were small in the study area (Holligan et al., 1993a) . We can assume that about 20 µ Eq kg −1 of the alkalinity change is due to salinity reductions (Skjelvan et al., 2008) ; however there remains a contribution by calcification of about 30 µ Eq kg −1 . Satellite data confirm this view: SeaWiFS derived calcite concentrations for the OWS M location range from about 0.5 mmol CaCO 3 -C m −3 in winter to a maximum of 4 mmol CaCO 3 -C m −3 in summer in some years (SeaWiFS Project, 2006) . These values are in agreement with values of modelled calcite, produced as free coccoliths (range from 0 mmol C m −3 to 3.5 mmol C m −3 ). Interestingly, SeaWiFS images show that coccolithophore blooms commonly occur along the Norwegian coast but sometimes also extend out as far as the shelf break where OWS M is situated (SeaWiFS Project, 2006).
Dissolved inorganic carbon
C T concentration in the Norwegian Sea in winter was about 2140 µmol kg −1 , while in June-July it was about 2080 µmol kg −1 , which is a similar value to noncoccolithophore bloom areas in July 1991 in the North Atlantic (Robertson et al., 1994) . The lowest C T concentration reached in the Norwegian Sea was about 2050 µmol kg −1 , again similar to values measured south of Iceland. Takahashi et al. (1993) show that in the northeastern North Atlantic C T declined by about 60 µmol kg −1 during the phytoplankton bloom period in late March through to late May (during the North Atlantic Bloom Experiment study in 1989). (Orr et al., 2005) . The seasonal pattern in cal is predominantly determined by the spring diatom blooms, because the intense C T removal has the effect of driving up carbonate ion concentrations (Merico et al., 2006 (Brewer et al, 1986 , applying the revisions to the data recommended by Tanhua & Wallace, 2005) .
The OCCAM (Ocean Circulation and Climate Advanced Monitoring) model output for calcite saturation state gives, for the OWS M location, an annual range in calcite saturation state from ∼3 in winter to between 4 and 5 in summer (Yool, A., personal communication, 2007) , in reasonable agreement with our data and model, We also took two published datasets of C T , pCO 2(aq) , SST and salinity (Table 2 of Takahashi et al., 1985) , one from north and one from south of Iceland, and used them to calculate the seasonal cycles of carbonate ion and saturation state (Fig. 13) . Both stations exhibit seasonal oscillation in carbonate ion concentration and saturation state, again with higher values in summer (∼190 µmol kg −1 and 4.5-5 respectively) and lower in winter (110-130 µmol kg −1 , ∼3). The seasonal pattern is again in reasonable quantitative agreement with this study, although the seasonal amplitude appears to be more pronounced near Iceland. 5.3.4 Could carbonate system seasonality control coccolithophore success?
It is well known that high-latitude blooms of the coccolithophore Emiliania huxleyi tend to occur in summer months (Table 2) . That is to say, they follow rather than precede the typically diatom-dominated spring blooms that occur in these locations. This is true in different regions of the North Atlantic, in the Bering Sea adjacent to the North Pacific, and on the Patagonian Shelf in the southern hemisphere ( Table 2) . The results of our study confirm that carbonate ion concentration and CaCO 3 saturation state rise rapidly in spring and stay high throughout the summer. E. huxleyi blooms therefore occur at a time of year when carbonate ion concentration and CaCO 3 saturation state naturally have their highest values (Merico et al., 2006) . Of course this temporal association does not prove that the timing of E. huxleyi blooms is controlled by the seasonality of the carbonate system. Many other environmental parameters (e.g. nutrients and light) change with time of year and the seasonal variations in one or more of those other parameters could be the main driving factor. A mesocosm study has also shown that coccolithophores are able to bloom in a variety of carbonate conditions (Delille et al., 2005) . Nevertheless, many experimental studies have shown a reduced rate of calcification (which presumably must affect overall fitness) by coccolithophores at low carbonate ion concentration and CaCO 3 saturation state (e.g. Riebesell et al., 2000; Zondervan et al., 2002; Feng et al., 2008 ; although see also Langer et al., 2006 and Iglesias-Rodriguez et al., 2008) . The debate still goes on as to how these organisms are affected by different growth conditions. We agree with others (e.g. Langer et al., 2006) that while carbonate ion is likely to be an important factor in contributing to necessary conditions for a healthy coccolithophore bloom, it is not likely to be the only factor.
Conclusions
Our results from a coupled carbon-ecosystem model combined with observational data from an ocean weather station in the Norwegian Sea agree with previous model-based suggestions from the eastern Bering Sea (Merico et al., 2006) about the nature of the seasonal cycles of carbonate ion concentration and CaCO 3 saturation state in high-latitude seas. The Norwegian Sea data show evidence that the calcite saturation state increases after (and as a result of) the spring bloom, with higher saturation states in summer than in winter. This has already been proposed by Merico et al. (2006) from model results, and is here confirmed with data. When combined with the known prevalence of coccolithophore blooms in summer months, this provides additional evidence of a temporal association between phytoplankton and the carbonate system, which could possibly occur because coccolithophore success is related to the calcite saturation state.
Unlike the model, the data show that silicate is not rapidly exhausted by diatoms during the spring bloom, in contrast to the typical dynamics elsewhere; the data also highlight the possibility that grazing and macro-nutrient dynamics are not alone in controlling the observed nutrient and chlorophyll concentrations at OWS M, suggesting that there may be partial iron limitation. This is in agreement with recent work revealing that other ocean regions, such as the North Atlantic, are influenced by iron availability (Moore et al., 2006) .
